The objectives were to characterize the effects of supplemental CP concentration and ruminal degradability in barley-based fi nishing diets on microbial protein synthesis, ruminal fermentation and nutrient digestion, and route and chemical form of N excretion in beef cattle. Four Angus heifers (564 ± 18 kg BW) with ruminal and duodenal cannulas were used in an experiment designed as a 4 × 4 Latin square with four 28-d periods (9 d for diet adaptation and 19 d for measurements). The basal diet consisted of 9% barley silage and 91% barley-based concentrate (DM basis). Dietary treatments included the basal diet with no added protein (13% CP) or diets containing 14.5% CP by supplementation with urea (UREA), urea and canola meal (UREA+CM), or urea, corn gluten meal, and xylose-treated soybean meal (UREA+CGM+xSBM). Nutrient digestion was determined using Yb as a digesta fl ow marker and purine N as a microbial marker with the collection of ruminal, duodenal, and fecal samples over 5 d. The next week, total collections of feces and urine were performed for 5 d to quantify route and chemical form of N excretion. Feed offered was restricted (95% of ad libitum) and there was no effect of the dietary treatments on DMI (P = 0.55); therefore, N intake was less (P < 0.05) in heifers fed the 13% CP diets than the 14.5% CP diets. Supplemental RDP and RUP had no effect on ruminal NH 3 -N (P = 0.17), peptide N (P = 0.46), and VFA (P = 0.62) concentrations, fl ow of microbial (P = 0.69) and feed (P = 0.22) N, and ruminal and total tract nutrient digestibility (P ≥ 0.18). Nutrient digestion in the rumen and total tract averaged 75.4 ± 3.8% and 84.6 ± 0.9% for OM, 80.8 ± 3.6% and 95.8 ± 0.8% for starch, and 41.2 ± 7.9% and 60.4 ± 3.3% of intake for NDF, respectively. Daily output of N in feces (P = 0.91) and urine (P = 0.14) were not affected by the dietary treatments. Fecal N output averaged 19.9 ± 1.9% (P = 0.30) and urine N output averaged 44.1 ± 2.8% (P = 0.63) of N intake. Urea N output, however, was greater (P < 0.05) in heifers fed the 14.5% CP than the 13% CP diets and was the major form of N in urine (68.3% in heifers fed the 13% CP diet and 78.7 ± 2.9% in heifers fed the 14.5% CP diets; P < 0.10). Beef cattle fed barley-based fi nishing diets containing 13% CP do not require additional RDP or RUP to meet microbial or host N requirements. Barley-based fi nishing diets with no supplemental CP minimized urea N excretion and the potential loss of N from the system.
INTRODUCTION
Animal feeding operations are the major contributors to national NH 3 emission inventories and NH 3 -N loss is greatest from feedlot cattle production with annual emissions of 47.6 ± 15.2% of N intake (Hristov et al., 2011) . Meeting the N requirements of ruminal microorganisms is one strategy to improve N utilization for production and to limit N excretion and potential loss to the environment (Tamminga, 1992) . The amount of microbial protein synthesized in the rumen is driven by the amount of energy derived from ruminal fermentation of carbohydrate. Results of in vivo studies suggest that the optimal concentration of ruminal NH 3 -N is infl uenced by the chemical and structural characteristics of the substrate and appears to be greater for barley grainbased diets with a rapid rate of ruminal fermentation (Mehrez et al., 1977; Wallace, 1979; Odle and Schaefer, 1987) . In addition, studies with mixed ruminal bacteria have demonstrated that peptides and AA are stimulatory to bacterial growth and ruminal digestion (Argyle and Baldwin, 1989; Griswold et al., 1996; Carro and Miller, 1999) , particularly with rapidly fermentable carbohydrate substrates (Russell et al., 1992; Chikunya et al., 1996) .
The objectives of this study were to characterize the effects of CP concentration and rumen degradability in barley-based fi nishing diets on 1) the route and chemical form of N excretion, as this will determine the susceptibility of excreted N to NH 3 -N volatilization, and 2) ruminal N metabolism and nutrient digestion that affect the partitioning of N between feces and urine in fi nishing beef cattle. The hypothesis was that providing ruminal degradable and undegradable CP to meet the microbial requirements for NH 3 -N and peptide N and the host requirements for metabolizable protein would improve the effi ciency of N utilization, reduce N excretion, and mitigate the potential loss of N to the environment from fi nishing beef feedlot operations.
MATERIALS AND METHODS
Animals were cared for and managed according to the guidelines of the Canadian Council on Animal Care (1993) . Experimental procedures involving animals were approved by the Institutional Animal Care and Use Committee at the Lethbridge Research Centre.
The methodology was as described for a similar study conducted concurrently that determined the effect of protein concentration and degradability on N metabolism and route and chemical form of N excretion in beef cattle fed barley-based backgrounding diets . The experiment design, sampling protocols, and statistical analysis are described briefl y.
Animals and Experimental Design
Four Black Angus heifers (approximately 15 mo of age at the beginning of the experiment and averaging 564 ± 18 kg BW during the experiment) with ruminal and duodenal cannulas were used in an experiment designed as a 4 × 4 Latin square with 4 dietary treatments and 4 periods of 28 d (9 d for dietary adaptation and 19 d for measurements and sample collection). The heifers were spayed and surgically fi tted with fl exible permanent ruminal (10 cm i.d. opening, number 9C; Bar Diamond, Inc., Parma, ID) and duodenal cannulas 8 wk before the start of the experiment. The duodenal cannulas were designed as a simple T-type with a 2.5 cm i.d. opening and open gutter-type fl anges. Heifers were housed in individual tie stalls and were released to an outdoor pen for 1 to 2 h of exercise daily. Body weight was measured at 1300 h at the beginning (d 1) and end (d 28) of each period.
Dietary Treatments
Heifers were adapted from a 70% barley silage and 30% barley grain diet fed during surgical recovery to the 9% barley silage low CP fi nishing diet by offering 5 diets with a decreasing percentage of silage and increasing percentage of concentrate every 5 to 6 d over 28 d before the initiation of the experiment. Once the heifers were on full feed, the fi rst period commenced and the heifers were fed their assigned treatment diets.
The treatment diets were similar in ingredients composition to the diets fed in a companion study that determined the effect of CP concentration and degradability on growth performance and NH 3 -N emissions of feedlot cattle . The diets were composed of 9% barley silage and 91% barley-based concentrate (DM basis; Table 1 ) and were prepared as a total mixed ration (TMR). The barley grain was dry rolled to a processing index of 80 to 82% (Beauchemin and Rode, 1999) . The 4 dietary treatments included the basal diet with no added protein (~12% CP) or diets formulated to contain 14% CP by supplementation with urea (UREA; rumen degradable NPN), urea and canola meal [UREA+CM; approximately 50% N from NPN and 50% N from a rumen degradable true protein (peptides and AA) source], or urea, corn gluten meal and xylosetreated soybean meal (UREA+CGM+xSBM, approximately 50% N from NPN and 25% N from each of the rumen undegradable true protein sources). The actual CP concentrations were 13.2% in the low protein diet and averaged 14.7% in the protein supplemented (designated as 13 and 14.5%, respectively) and were greater than the formulated targets of 12 and 14% CP, respectively (Table 1) . The diets were formulated to meet mineral and vitamin requirements (NRC, 2000) . The treatments were assigned to each heifer such that each treatment followed every other treatment at 1 time during the experiment to balance for any residual effects.
Feed Intake (Day 1 to 28)
The basal TMR (barley grain and barley silage) was mixed daily, and to the ration for each heifer was added the supplement containing the protein ingredients and a digesta fl ow marker (d 1 to 15). The diets were fed twice daily in 2 equal portions at 0830 and 1800 h and water was freely available throughout the experiment. Feed offered and refused were recorded daily (0800 h). During the fi rst 5 d of the period, feed was offered in an amount to permit ad libitum consumption (minimum of 10% feed refusal). For the duration of the experiment (d 6 to 28), all heifers were offered 95% of the mean daily DMI of the heifer with the lowest intake during the 5 d of ad libitum consumption. Samples of the TMR and orts (if present) were collected daily and combined for marked (d 5 to 15) and unmarked (d 16 to 28) samples for each period. Barley silage and grain were collected 1 d each week and combined for each period. The DM content of the feed (~200 g) and orts samples was determined by drying in a forced-air oven at 55°C for 48 h. Samples were ground through a 1-mm diameter screen (model 4 Wiley mill; Thomas Scientifi c, Swedesboro, NJ) and were analyzed for analytical DM, OM, N, NDF, ADF, starch, crude fat, and Yb (marked feed and orts). Digesta fl ow and nutrient digestion in the rumen and total tract were determined by reference to Yb as an external digesta marker. The marker was prepared daily by diluting 11 g YbCl 3 3 N solution (1.73 g of Yb; Rhodia Rare Earth, Inc. Shelton, CT) in 500 mL of deionized water. Feed for d 1 to 15 was marked by spraying the solution on the daily ration for each heifer. On d 1 at 0830 h, a prime dose equal to one-half of the daily amount of the marker (5.5 g YbCl 3 solution in 1 L of deionized) was administered to the rumen through the cannula of each heifer. Beginning on d 11, samples were collected from the duodenal cannula (300 mL duodenal contents) and rectum (100 g feces wet weight) every 6 h, moving ahead 1.5 h each day, to enable over a 5-d period (d 11 to 15) the collection of samples representative of the digesta fl owing over a 24-h feeding cycle (collected every 1.5 h for a total of 16 samples). The pH of the duodenal contents collected was measured using a pH meter to ensure that the pH was <3.0. Duodenal samples for each time point were composited by heifer and period as collected and immediately frozen (-20°C). Fecal samples for each time point were composited by heifer and period as collected and dried in a 55°C oven.
The composited duodenal samples were later thawed and homogenized in a blender and a 50-mL subsample was collected. The subsample was centrifuged at 20,000 × g and 4°C for 15 min and the supernatant was stored frozen (-20°C) until analysis of NH 3 -N. The remainder of the homogenized duodenal sample was freeze-dried. The dried duodenal contents and feces were ground as described for feed samples and analyzed for DM, OM, N, NDF, ADF, starch, purine bases, and Yb.
Ruminal microbial protein synthesis was determined using purine bases as an internal microbial marker. Mixed ruminal bacteria were isolated from ruminal contents collected at 8 time points to provide samples representative of every 3 h during the feeding cycle (d 11 to 15). Ruminal contents (~1 L) were collected from 4 sites within the rumen and squeezed through polyester monofi lament fabric (355-μm mesh opening PECAP; Sefar Canada, Ville St. Laurent, QC) to obtain the fi ltrate and particles. The particles (400 g wet weight) were combined with 600 mL chilled 0.9% saline (4°C), homogenized in a blender (Waring Products Division, New Hartford, CT) on high speed for two 30-s periods, and then squeezed through the polyester fabric. The fi ltrates containing the fl uid-associated microorganisms from the whole ruminal contents and the particulate-associated microorganisms from the homogenized particulates were combined for differential centrifugation and isolation of mixed ruminal bacteria. Bacterial pellets from each time point were frozen (-20°C), freeze-dried, and ground using a mortar and pestle. The bacterial samples from each time point were then combined by equal dry weight by heifer and period, further ground using a ball mill, and analyzed for analytical DM, OM, N, purine bases, and starch. Nutrient intakes were calculated by multiplying the DM offered and refused by the nutrient composition of the TMR and orts samples collected during marker administration (d 5 to 15). Flow of DM to the duodenum and DM output in feces were calculated by dividing the intake of Yb by the Yb concentration in duodenal digesta and feces, respectively. Nutrient fl ow to the duodenum and output in feces were then calculated by multiplying the DM fl ow at each site by the nutrient concentration measured in the composited duodenal and fecal samples. Microbial N fl ow was calculated as the duodenal fl ow of purine base N multiplied by the ratio of total N to purine base N of ruminal bacteria. The duodenal fl ow of feed N was calculated by subtracting NH 3 -N and microbial N fl ow from the total N entering the intestine. True ruminal N digestion was then calculated as N intake minus duodenal feed N fl ow. Microbial OM and starch fl ow was calculated by multiplying microbial N fl ow by the ratio of OM and starch, respectively, to N concentration in ruminal bacteria. True ruminal digestion of OM and starch were calculated by subtracting the respective microbial fl ow from the total duodenal fl ow of the nutrient and then subtracting the corrected duodenal fl ow from the nutrient intake.
Continuous Ruminal pH (Day 11 to 15)
Ruminal pH of each heifer was monitored continuously for 4 consecutive d from d 11 to d 15 using a continuous indwelling ruminal pH measurement system. The pH electrodes (S650CDHF; Sensorex, Garden Grove, CA) were removed from the rumen for approximately 30 min each day between 0800 and 0900 h for calibration using pH 4.0 and 7.0 standards. Ruminal pH was measured continuously every 5 s and averaged for every 5-min interval by a data controller (CR10X; Campbell Scientifi c Inc, Logan, UT). Data for ruminal pH were summarized for each heifer in each period as daily mean, minimum and maximum pH, time that pH was below 5.8 and 5.5, and area under the curve of pH values of 5.8 and 5.5. Ruminal pH was averaged for every hour to assess the diurnal fl uctuations.
Nitrogen Digestibility, Route, and Chemical Form of Excretion (Day 18 to 23)
Urine and feces were quantitatively collected for 5 consecutive 24-h periods at 0800 h from d 18 to 23. Urine was collected using indwelling bladder catheters (Bardex Lubricath 75 cc Foley catheter; C. R. Bard, Inc., Covington, GA). Urine collected during the fi rst 24 h was collected into buckets submersed in an ice slurry and the pH of the urine was measured. A 100-mL sample of the chilled urine was acidifi ed with 5 mL of 2 M H 2 SO 4 . Urine collected for the remaining four 24-h periods was collected into buckets containing 500 mL of 2 M H 2 S0 4. Samples of the acidifi ed urine for each day were diluted 1:5 with deionized water and frozen (-20°C) until analysis of total N, urea-N, NH 3 -N, and purine derivatives to characterize the chemical forms of N excreted.
Feces were collected in pans positioned behind the animals. The daily output of feces was weighed and mixed, and a sample (~1 kg wet weight) was dried at 55°C for 48 h. The dry daily fecal samples were ground (1 mm) and analyzed for DM and N.
Dry matter intake was calculated for each heifer during total collection as the difference between the amount of diet DM offered and refused (if orts were present) from d 17 to 22 of each period (beginning 1 d before the total collection of feces and urine). Nitrogen intake was calculated by multiplying the DM offered and refused by the N content of the unmarked TMR and orts samples collected from d 16 to 28. Apparent total tract N digestibility was calculated as the difference between the N intake and the amount of N appearing in the feces.
Ruminal Fermentation Characteristics and Plasma Urea N (Day 26)
Ruminal fermentation characteristics and plasma urea N were measured at multiple time points (-1.5, -0.5, 1, 1.5, 2.5, 3.5, 5, 6.5, 8, and 9.5 h) relative to the time of the morning feeding on d 26. Blood (10 mL) was collected via a catheter in a jugular vein into vacuum tubes (lithium heparin, Vacutainer Brand; Becton Dickenson, Franklin Lakes, NJ) and centrifuged at 3,000 × g and 4°C for 20 min, and the plasma was stored at -20°C until analysis. Ruminal contents (~1 L) were collected from 4 sites within the rumen and a subsample (200 mL) was squeezed through 355 μm polyester fabric to obtain the fi ltrate. Ruminal contents remaining after removal of the subsample were returned to the rumen. Ten milliliters of the ruminal fl uid fi ltrate were combined with 2 mL of 0.2 M H 2 SO 4 and 10 mL of fi ltrate was combined with 2 mL of 25% (wt/vol) metaphosphoric acid and stored at -20°C until analysis of NH 3 -N and VFA concentrations, respectively. Another 10 mL of the ruminal fl uid fi ltrate was combined with 2.5 mL of 50% (wt/vol) trichloroacetic acid and let stand for 30 min at 4°C and was then centrifuged at 27,000 × g and 4°C for 30 min. The supernatant was stored at -20°C until analysis of free AA and peptides.
Chemical Analysis
Chemical analyses of samples were as described by .
Statistical Analysis
The data for route of N excretion, nutrient digestibility, and ruminal pH were each analyzed as a 4 × 4 Latin square design using a mixed linear model (SAS Inst. Inc., Cary, NC) with dietary treatment as a fi xed effect and heifer and period as random effects. The REML method was used for estimating the variance components, and the Kenward-Roger's option was used to adjust the degrees of freedom. Differences among treatments were compared using Fisher's protected LSD test. A similar model was used for data for rumen fermentation characteristics and plasma urea N with time included as a repeated measure. The covariance structure used for the model with repeated measures was compound symmetry or heterogeneous compound symmetry. The most appropriate covariance structure was selected based on the lowest Akaike's information criterion. When the treatment × time interaction was signifi cant, tests of the simple effects were determined using the SLICE option in the LSMEANS statement. When no interaction was present and the main effects of diet and time were signifi cant, differences among diets and time points were determined using the LSD test. For all models, differences were declared signifi cant at P ≤ 0.05 and trends were discussed at 0.05 < P < 0.10.
RESULTS AND DISCUSSION

Ruminal and Total Tract Nutrient Digestion
As intended, DMI did not differ (P = 0.55; Table  2 ) among beef heifers fed the fi nishing diets and averaged 9.50 ± 0.35 kg/d. Therefore, N intake was greater (P < 0.05) for heifers fed the 14.5% CP diets with UREA and UREA+CGM+xSBM and decreased for the 13% CP diet but was intermediate for heifers fed the 14.5% CP diet with UREA+CM during the measurement of fl ow and site of nutrient digestion. Flow of total N (P = 0.58), nonammonia N (P = 0.62), microbial N (P = 0.69), and feed N (P = 0.22) to the duodenum were similar among heifers fed the various dietary treatments. Only NH 3 -N fl ow, which accounted for <5% of the duodenal N fl ow, differed among the treatments (P < 0.05) and was greatest in heifers fed 14.5% CP with UREA. Microbial N fl ow as a percentage of duodenal N fl ow and the efficiency of use of rumen available energy for microbial protein synthesis did not differ among heifers fed the dietary treatments and averaged 77.9 ± 5.37% (P = 0.32) of total N fl ow and 18.7 ± 1.45 g/kg of OM fermented in the rumen (P = 0.56), respectively. Microbial N fl ow in the present experiment was greater than reported for beef cattle fed dry rolled and steam rolled barley-based fi nishing diets with estimates ranging from 49.0 to 71.9% of total N fl ow (Zinn, 1993; Koenig et al., 2003 Koenig et al., , 2004 Zinn et al., 2003) although it falls within the broader range of 50 to 90% of the N supply that may be observed in beef and dairy cattle (Clark et al., 1992; NRC, 2000) . Effi ciency of use of rumen degradable N for microbial protein synthesis was also not affected (P = 0.21) by the dietary treatments and averaged 71.1 ± 6.20%.
Nitrogen digested ruminally (P = 0.45) and postruminally (P = 0.83) were similar among heifers fed the fi nishing diets varying in protein concentration and degradability and averaged 83.2 ± 4.47% of N intake and 46.3 ± 5.49% of N entering the intestine, respectively (Table 2) . However, total tract N digestion was greater (P < 0.05) for heifers fed the 14.5% CP diets compared with the 13% CP diet. When expressed as a percentage of N intake, total tract N digestion averaged 82.7% for the heifers fed 14.5% CP and 77.6% for heifers fed 13% CP diets (SEM = 3.92%, P < 0.05). Greater total tract N digestibility may have been due to the supplemental urea added to all 14.5% CP diets and its complete availability. Total tract N digestion of barley-based fi nishing diets with or without supplemental RDP and RUP sources range from 67.8 to 83.7% (Zinn, 1993; Koenig et al., 2003 Koenig et al., , 2004 Zinn et al., 2003) .
The concentration and degradability of the protein sources in the fi nishing diets did not affect (P ≥ 0.18; Table 3 ) intake and ruminal and total tract digestion of OM, starch, and NDF. Nutrient digestion in the rumen and total tract as a percentage of intake averaged 75.4 ± 3.79% and 84.6 ± 0.88% for OM, 80.8 ± 3.64% and 95.8 ± 0.84% for starch, and 41.2 ± 7.88% and 60.4 ± 3.32% for NDF, respectively. Ruminal starch digestion was corrected for the fl ow of microbial starch. Determination of starch using the enzymatic procedure would also include other glucose-based storage polysaccharides in bacteria. Based on the enzymatic starch method, there was no effect of the dietary treatments on the starch concentration of bacteria (5.25 ± 0.61%; P = 0.61), the fl ow of microbial starch (98.8 ± 0.94 g/d; P = 0.94), and the proportion of the total duodenal starch fl ow of microbial origin (10.2 ± 2.24%; P = 0.94). The amount (3.93 ± 0.33 kg/d; P = 0.69; data not shown) and percentage of starch digested in the rumen (apparent digestion, 78.8 ± 3.8%; P = 0.99; data not shown) was greater than the 1.45 kg/d and 75.8% reported by Zinn (1993) for dry rolled barley-based fi nishing diets, which may have contributed to greater microbial protein synthesis that was observed but in agreement with the value of 95.0% for total tract starch digestion. In addition, there was no effect of the dietary treatments on total VFA concentration (P = 0.62) and the molar proportions of acetate (P = 0.50), propionate (P = 0.72), and butyrate (P = 0.84; a,b Within a row, means without a common superscript differ (P < 0.05, n = 16).
1 Determined using microbial and external markers for determining site and extent of digestion from d 11 to 15.
2 CGM = corn gluten meal; CM = canola meal; UREA = urea; xSBM = xylose-treated soybean meal.
3 Dietary CP concentration, % of DM.
4 OMTFR = OM truly fermented in the rumen.
5 Includes endogenous N fl ow. 6 Corrected for microbial N fl ow. Table 4 ). The acetate to propionate ratio and the molar proportion of branched chain acids remained stable from 2 h before feeding to 9.5 h after the morning feeding, except for cattle fed the UREA+CM diet in which the acetate to propionate ratio and branched chain acids were greater (P < 0.05) before the morning feeding and then declined and stabilized. Although there were no effects of the diets on the ruminal digestion of carbohydrates and concentration of VFA, mean and minimum ruminal pH were greater in heifers fed the fi nishing diets with 14.5% CP and UREA+CGM+xSBM, intermediate for the 14.5% CP diets with UREA and UREA+CM, and lower for the 13% CP diet (P < 0.05). Consistent with this observation, the time below a pH of 5.8 was lower (4.7 h/d) in heifers fed UREA+CGM+xSBM, intermediate for the UREA (9.9 h/d), and greater in those fed the 13% CP (12.8 h/d, SEM = 2.39) diet. The effect of the protein supplements on ruminal pH may have been due to the alkalizing effect of urea although this effect is usually transitory (Zinn et al., 2003) . There were no effects of the dietary treatments on maximum pH (6.59 ± 0.12; P = 0.22) and area under the curve below pH 5.8 [191 ± 79 (min × pH)/d; P = 0.14] and below pH 5.5 [62 ± 40 (min × pH)/d; P = 0.29] (data not shown).
Nitrogen Requirements of Ruminal Microorganisms in Feedlot Finishing Cattle
Meeting the N requirements of ruminal microorganisms is one strategy to improve N utilization for production and to limit N excretion and loss. The amount of microbial protein synthesized in the rumen is driven by the amount of energy derived from ruminal fermentation of carbohydrate, but it is also affected by the supply of rumen degradable N and the pH of the rumen environment. Ammonia is the primary N source for the majority of ruminal bacteria and more than 80% of cultivable ruminal bacteria grow well with NH 3 -N as the sole N source (Morrison and Mackie, 1996) . A ruminal NH 3 -N concentration of 50 mg N/L of is often accepted as the concentration required to meet N requirements and support maximal growth of ruminal microorganisms (Satter and Slyter, 1974) although results of in situ studies suggest that the optimal concentration of ruminal NH 3 -N is infl uenced by the chemical and structural characteristics of the substrate and appeared to be greater for barley grain-based diets with a rapid rate of ruminal fermentation. Mehrez et al. (1977) reported that a minimum ruminal NH 3 -N concentration of 235 mg N/L was required to maximize in situ ruminal fermentation of rolled barley grain in sheep. Wallace (1979) observed a 90% increase in the in situ rate of degradation of rolled barley grain and an increase in microbial numbers and hydrolytic activity in the rumen when ruminal NH 3 -N concentration was increased from 86 to 188 mg N/L by feeding whole barley with 3% urea. Odle and Schaefer (1987) reported that the ruminal NH 3 -N concentration required to maximize the in situ degradation rate of barley grain was 125 mg N/L and was greater than the concentration of 61 mg N/L for corn grain. In the present study, ruminal NH 3 -N (P = 0.17) concentrations were not affected by protein concentration and degradability of the diets although the concentration of ruminal NH 3 -N was numerically less at all time points in heifers fed the 13% CP (mean NH 3 -N, 118 mg N/L) than in those fed the 14.5% CP diets (188 mg N/L; SEM = 1 Determined using microbial and external markers for determining site and extent of digestion from d 11 to 15; n = 16.
4 Corrected for microbial fl ow.
32; Table 4 ). In the cited in situ studies, ruminal NH 3 -N concentration was held constant by continuous feeding of the diet supplemented with the NH 3 -N source, but in animals fed once or twice per day, ruminal NH 3 -N can fl uctuate widely (Coppock et al., 1976) . In the present experiment, ruminal NH 3 -N concentration peaked (P < 0.05; Fig. 1 ) within 1 h after feeding and then declined to a concentration of <125 mg N/L for an average of 5 h 13 min and <50 mg N/L for all diets for an average of 2 h 10 min between 5 and 9.5 h after the morning feeding (P ≥ 0.50). Over a period of 24 h with feed offered twice per day, NH 3 -N concentration could be expected to be below 125 and 50 mg N/L for approximately 10 h 26 min and 4 h 20 min, respectively, in heifers fed the fi nishing diets. The numerical increase in ruminal NH 3 -N concentration with feeding diets containing 14.5% CP (all diets included a portion of the supplementary CP as RDP) did not improve microbial protein synthesis and effi ciency or ruminal fermentation of OM, starch, and fi ber indicating that ruminal NH 3 -N was not limiting for ruminal microorganisms in heifers fed the low CP diet. Zinn et al. (2003) also reported no effect of increasing dietary urea concentration of barley-based fi nishing diets from 0 to 1.2% with a corresponding increase in dietary CP concentration of 10.5 to 13.5% on microbial protein synthesis and ruminal digestion of OM and fi ber although there was a small linear increase in starch digestion. With the in situ bag technique, the NH 3 -N concentration may be reduced immediately surrounding the bacteria that are attached to the substrate and a greater ruminal NH 3 -N concentration may be required to infi ltrate the micro-environment and maximize degradation of substrate within the bag. In vitro studies with mixed ruminal bacteria have demonstrated that peptides and AA are stimulatory to bacterial growth and ruminal digestion (Argyle and Baldwin, 1989; Griswold et al., 1996; Carro and Miller, 1999) , particularly with rapidly fermentable carbohydrate substrates (Russell et al., 1992; Chikunya et al., 1996) . Peptides were more stimulatory to bacterial growth than complete free AA mixtures, and there were no specifi c AA that limited growth (Argyle and Baldwin, 1989) . Providing RDP (UREA+CM) to provide an additional source of peptide N to ruminal microorganisms in vivo, however, did not affect ruminal peptide N (P = 0.46; Table 4 ) and free AA N (P = 0.82) concentrations, microbial protein synthesis, or nutrient digestibility. Ruminal peptide and free AA concentration averaged 162 ± 39 mg N/L and 32.4 ± 13.7 mg N/L, respectively, and were relatively constant during the 12-h sampling period (P ≥ 0.78) in cattle fed the concentrate-based fi nishing diets. In steers fed corn grain-based fi nishing diets supplemented with soybean meal (SBM) or wet corn gluten feed (14% CP) peptide N concentration was <80 mg N/L (Ives et al., 2002) . Greater ruminal peptide N concentration in the barley-based diets may be due to the greater rate of ruminal fermentation of barley grain compared with corn grain (Herrera-Saldana et al., 1990) and greater release of the end products of protein degradation in the rumen. In agreement, the Cornell Net Carbohydrate and Protein System evaluation predicted no shortfall in ruminal N for cattle fed the barley-based fi nishing diets (137 to 144% of requirement). The lack of an effect of the supplemental rumen degradable true protein sources on N metabolism in the rumen is in contrast to the results of a previous study, where supplementation of barley-based fi nishing diets with canola meal (CM) increased microbial protein fl ow although there was no effect on nutrient digestibility (Koenig et al., 2004) . In agreement with the results of the present study, Devant et al. (2001) reported that supplementation of a barley grain-based diet (13.5 to 13.9% CP) with SBM or a mixture of fi shmeal and corn gluten meal (CGM) had no effect on microbial CP fl ow although there was a numerical increase in microbial CP fl ow with the addition of urea to the true protein supplements. The CP degradability of the soybean meal was low (50%), however, and as a result may have limited microbial protein synthesis due to a shortage of RDP (Devant et al., 2001) . Plasma urea N concentration in heifers did not differ (P = 0.12; Table 4) among the dietary treatments although it was numerically less in heifers fed the 13% CP (119 mg N/L) compared with those fed the 14.5% CP diets (166 mg N/L; SEM = 18). Cole et al. (2005) also reported no effect of protein source when dietary CP concentration ranged from 11.5 to 14.5 in steam-fl aked corn based diets. Plasma urea N concentration peaked at 1.5 to 3.5 h after feeding (P < 0.05; Fig. 1 ).
Route and Chemical Form of N Excretion and Potential for Volatilization as Ammonia-N
Dry matter intake during total fecal and urine collection did not differ (P = 0.73; Table 5 ) among beef heifers fed the fi nishing diets and averaged 9.54 ± 0.17 kg/d, which was in agreement with average DMI during the measurement of nutrient fl ow and site of digestion (9.50 ± 0.35 kg/d; Table 2 ). In addition, there was also no effect of the dietary treatments on daily output of fecal DM (P = 0.83), urine volume (P = 0.33), and urine pH (P = 0.58; Table 5 ). Nitrogen intake was greater (P < 0.05) for the heifers fed the 14.5% CP diets compared with the 13% CP diet. There was no effect of the dietary protein concentration and rumen degradability on microbial N fl ow (P = 0.72) estimated from the excretion of purine derivatives in urine, which was in agreement (P = 0.95) with the estimate obtained when determined using purines as a microbial marker. Total tract N digestion was greater (P < 0.05) for heifers fed the 14.5% CP fi nishing diets compared with the 13% CP diet although in contrast to the results obtained using the digesta fl ow markers, no differences (P = 0.30) were detected among the treatments for total tract N digestion when expressed as a percentage of N intake, which averaged 80.1 ± 1.94%. The dietary treatments had no effect (P = 0.27) on N balance, which averaged 36.0 ± 2.51% of N intake.
The concentration and degradability of the protein sources in the fi nishing diets had no effect on total N (P = 0.13) and fecal N (P = 0.91) output of beef heifers (Table 5 ). Fecal N excretion in cattle fed diets representative of the feedlot industry is relatively constant with no (Zinn et al., 2003; Koenig et al., 2004) or relatively small increases (Vasconcelos et al., 2009 ) in response to increasing N intake. There was no effect (P = 0.57) of the diets on excretion of nucleic acid N in feces, which averaged 3.4 ± 0.70% of fecal N. Urine was the major route of N excretion in the beef heifers. Excretion of urine N averaged 44.1 ± 2.78% of N intake and 68.8 ± 3.11% of total N output and was also not affected (P ≥ 0.14) by CP concentration of the diets. Urea N excretion, however, was greater (P < 0.05) in urine of beef heifers fed the 14.5% CP diets. Urea N was the major nitrogenous constituent in the urine and tended (P < 0.10) to be greater as a percentage of urine N in heifers fed the 14.5% CP diets compared with the 13% CP diet (78.7 vs. 68.3%; SEM = 2.88). Urinary urea N increases with increasing CP intake and typically ranges between 60 and 95% of total urine N in cattle (Bristow et al., 1992 a,b Within a row, means without a common superscript differ (P < 0.05, n = 16).
c,d Within a row, means without a common superscript differ (P < 0.10, n = 16).
1 Determined during the total collection of urine and feces from d 18 to 23.
al., 2009). Excretion of NH 3 -N (P = 0.27), allantoin N (P = 0.46), and uric acid N (P = 0.82) were not affected by the dietary treatments and averaged 6.8 ± 2.28%, 11.2 ± 1.22%, and 0.52 ± 0.13% of urine N, respectively. In conclusion, supplemental protein was not required to meet the NH 3 -N and peptide N requirements of ruminal bacteria for microbial protein synthesis or more importantly for ruminal fermentation and energy derivation from barley-based fi nishing diets containing 13% CP. Excess feed N in the form of either RDP or RUP was excreted in urine largely in the form of urea N. In terms of environmental pollution, urinary urea N has a greater impact than fecal N on ammonia N emission and N loss from manure.
LITERATURE CITED
